This paper is dedicated to Professor U. M. Dzhemilev in recognition and appreciation of his pioneering contributions to organometallic chemistry Abstract A single-stage, i.e., degree of polymerization of one, and enantioselective version of the ZieglerNatta alkene polymerization was envisioned as a potentially significant and useful method for catalytic asymmetric C-C bond formation, shortly after the corresponding alkyne version involving Zr-catalyzed alkylalumination of alkynes was discovered in 1978. However, the discovery of such an asymmetric reaction proved to be a major challenge. At least three widely observable unwanted side reactions, i.e., (1) cyclic carbometalation, (2) β-H transfer hydrometalation, and (3) alkene polymerization, represented by the Ziegler-Natta polymerization, were noted and were to be avoided. With Zr as the metal at the catalytic center, we eventually came up with a notion that di-or multiple alkylation of Zr was to be avoided for achieving superior acyclic asymmetric carbometalation. This, in turn, led us to avoid the use of highly nucleophilic alkylmetals containing alkali metals and Mg. Aluminum used in ZieglerNatta polymerization that can selectively monoalkylate Zr proved to be one of a very limited number of favorable metals. Even so, undesirable cyclic carbozirconation can occur in nonpolar solvents via intricate bimetallic routes to cyclic organozirconium species. The vastly different reactant-catalyst stoichiometry and the absence of polymerization promotors, such as methylaluminoxane, in our investigations permit us to ignore the Ziegler-Natta polymerization as a serious and unwanted side reaction, although use of limited amounts of promotors can in some cases accelerate otherwise sluggish ZACA reactions. Selection of the currently used Zr catalysts including (R)-and (S)-(NMI) 2 ZrCl 2 , dichlorobis(neomenthylindenyl)zirconium was made by screening 15 or so known chiral zirconocene derivatives. Systematic scientific design and screening of chiral ligands are clearly highly desirable, and efforts along this line are ongoing. Even at the current level of development, however, the ZACA reaction shows considerable promise as an efficient and selective method for catalytic asymmetric C-C bond formation, which has already been used to significantly modernize and improve syntheses of natural products including deoxypolypropionates and isoprenoids of biological and medicinal interest.
Introduction
Half a century ago, organic synthesis was performed mostly with organic reagents mainly consisting of C, H, N, O, P, S, and halogens supplemented with a few alkali metals and Mg. Learning about the magical power of B providing all important Lewis-acidic centers from H. C. Brown's lectures in 1962 in Philadelphia and the "super" acidic power of the Al-Ti combination from a lecture in Tokyo in 1964 by K. Ziegler, who had just won a Nobel Prize, firmly set the direction of my life-long pursuit of new and useful organic synthetic methods through consideration of all usable elements in the Periodic Table, namely about 70 or so non-radioactive elements excluding inert gases and several inherently toxic elements, such as Be, As, Cd, Hg, Pb, and perhaps also Sn and Tl and, as deemed desirable or even mandatory, their binary or even ternary combinations, persuasively exemplified by Ziegler's Al-Ti combination as one of several thousand available binary combinations. It should be understood that, fundamentally, electron deficiency most explicitly represented by metal-containing Lewis-acidic species rather than electron-rich nucleophilic species should serve as effective triggers for chemical reactions, although different but similarly powerful roles of radicals must never be forgotten. Equally important is full realization that any chemical species including all "coordinatively saturated" octet, 18-electron species, and so on can serve as potential Lewis acids as long as their LUMOs are or can be made sufficiently low-lying.
With a very primitive and vague notion along the line of what is stated above in mind, I joined the research laboratories of the late Professor H. C. Brown as a Postdoctoral Associate in 1966 and later served as his Assistant (1968) (1969) (1970) (1971) (1972) . My journey with Lewis acidic B compounds began with investigations of carbonylation of organoboranes 1 (Equations 1 and 2). As fascinating as this reaction was, it has never penetrated into the realm of organic synthesis, at least to date, even though hydroboration needed for the preparation of the requisite organoboranes is now a synthetic tool for every synthetic chemist. Perhaps, these highly unique modes of skeletal construction with organoborons would not readily be assimilated into the traditional synthetic arsenal. In search for a very widely applicable method for C-C bond formation, cross-coupling (Equation 3) soon became my obsession without knowing how to do it. As of 1967, crosscoupling carried out with organolithiums and Grignard reagents without catalysts was of very limited scope, and cross-coupling as a whole was something to be avoided. It was about that time, however, the use of Cu, mostly in stoichiometric amounts, for boosting the reactivity of organometals containing Li and Mg in conjunction with prostaglandin syntheses became actively pursued. Thus, combinations of main group metals, such as Li, Mg, and perhaps B and others, and Cu and possibly other transition metals became the main theme of my research proposals at Syracuse University, where I went as an Assistant Professor in 1972. All of our numerous attempts with Li, Mg, and B used in conjunction with Cu during the first few years miserably failed. Later, we found that CuI we obtained from our stockroom was old and impure. In the meantime, all of my research proposals were turned down mainly because all of my proposals dealt extensively with organoboranes, which I had extensively dealt with under H. C. Brown for several years. One critically important turning point then was our recognition of Tamao' In those cases where these issues are nonexistent or insignificant, selection of such R 1 H reactions may be well justified for their relative simplicity. In the other cases, however, thorough comparisons taking into consideration all pertinent factors must be made carefully.
Alkyne elementometalation as selective routes to alkenylmetals as well as alkenyl halides and other related alkenyl electrophiles
As mentioned earlier, it does appear that the synthetic scope of the Pd-catalyzed cross-coupling is limited primarily by the availability of satisfactory routes to the requisite R 1 M and R 2 X. From an optimistic viewpoint, one can state and expect that the synthetic scope of the Pd-catalyzed cross-coupling will continue to expand with discoveries and developments of new selective and satisfactory routes to R 1 M and R 2 X in the future. One of the major concerns in our own group from the beginning in the mid-1970s has been to be able to synthesize any conceivable types of alkenes, especially acyclic ones. To this end, our major efforts have been directed to the development of high-yielding as well as regio-and stereoselective alkyne hydrometalation especially with B, Al, and Zr, etc., carbometalation with Al-Zr combination, Cu, etc., and haloboration. These elementometalation reactions have also been significantly supplemented by conventional alkyne polar addition reaction of high selectivity. Gratifyingly, highly (≥98%) regio-and stereoselective features of alkene reagents thus prepared have indeed been retained in most cases of Pd-catalyzed Negishi alkenylation and also in an increasing number of cases of Suzuki alkenylation. As these alkyne elementometalation-Pd-catalyzed alkenylation tandem processes have been extensively discussed in our recent review, 14c they will not be duplicated here, and the readers are referred to this review. At the time we discovered the Zr-catalyzed carboalumination of alkynes in 1978, 18a a dreamy thought of expanding the scope of this reaction so as to embrace its alkene version for asymmetric C-C bond formation, which would amount to the single-step version of the ZieglerNatta alkene polymerization captured my mind. However, this seemingly easy task proved to be quite challenging, and several intermittent attempts over seventeen years supported heavily by our ongoing systematic investigations of zirconocene chemistry were needed to finally discover in 1995 the Zirconium-catalyzed Asymmetric Carboalumination of Alkenes (ZACA reaction hereafter), 19 as detailed below.
Historical and mechanistic background of carbometalation of alkenes and alkynes with alkylzirconocenes derivatives
The Zr-catalyzed methylalumination of alkynes (ZMA reaction) was shown to involve one-step syn-addition of a Me-Zr bond to 1-alkynes in an anti-Markovnikov manner followed by Zr-to-Al transmetalation on the resultant carbon group. 18b This reaction involves acyclic carbometalation of a "super-acidic" 18c,18d Zr-Al bimetallic system (Scheme 1).
Several years later, Dzhemilev reported a seemingly analogous reaction of Zr-catalyzed carbomagnesiation of alkenes with EtMgBr (Scheme 2). 20 There did not appear any forcing reasons to suspect that the mechanisms of these two closely analogous reactions should be radically different. Through our systematic investigations of the "ZrCp 2 " chemistry, 21 however, we accidentally clarified that the Dzhemilev ethylmagnesiation of alkenes actually proceeded via a highly intricate series of transformations via (i) formation of Et 2 ZrCp 2 , (ii) β-agostic interaction-induced intramolecular "acid-base" interaction producing a zirconacyclopropane 1a which may also be viewed as a zirconocene-ethylene π-complex 1b, (iii) cyclic carbozirconation of an alkene with 1 to give, typically a 3-substituted zirconacyclopentane 2, (iv) subsequent reaction of 2 with another molecule of EtMgBr leading to β-agostic interaction-induced "acidbase" interaction producing a 2-ethyl-1-alkylmagnesium bromide with regeneration of ethyleneZrCp 2 π-complex 1. All of the steps proposed above have been independently and amply supported (Scheme 2). We believe that both the discovery of the Dzhemilev ethylmagnesiation and our mechanistic clarification 22 have not only clearly established the existence of both acyclic and cyclic carbozirconation processes but also alerted us to sharply and carefully distinguish some seemingly analogous carbometalation reactions of zirconocene derivatives. We were later further surprised by the existence of bimetallic (involving both Zr and Al) cyclic carbozirconation of alkynes and alkenes that may be viewed as a hybrid of acyclic and cyclic carbozirconation 23 (Scheme 3). We also noted that our bimetallic (Zr-Al) cyclic carbozirconation process closely resembled the corresponding carbotitanation of alkenes with titanium-carbene species that can be viewed as a two-membered titanacycle (Tebbe reagent) generated from a Ti-Al bimetallic system. 24 Without going into detailed mechanistic discussions, the following brief summary may be presented: (i) Formation of metallacycles including metal-carbene complexes (two-membered metallacycles) is a widely observable phenomenon with coordinatively unsaturated organotransition metal complexes, especially in those cases where coordinatively unsaturated dialkylated organotransition metal species that are readily prone to β-or even α-agostic interaction-induced cyclization are generated. 25 (ii) The propensity for generating the requisite "coordinatively unsaturated dialkyltransition metal species" rests on a delicate balance between the alkylating power of alkylmetal reagents, e.g., RLi > RMgX > RAlX 2 ---, and their ability to avoid formation of coordinatively saturated "ate" complexes. 
Catalytic asymmetric carbometalation of alkenes proceeding via Dzhemilev ethylmagnesiation
The first catalytic and highly enantioselective alkene carbometalation with zirconocene derivatives was reportd by Hoveyda in 1993. 26 Highly satisfactory results have been obtained through the use of Dzhemilev ethylmagnesiation of allyl ethers and allylamines (Scheme 4). Similar developments were also made later.
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Scheme 4. Catalytic asymmetric carbometalation-elimination of allyl ethers with ethylmagnesium and chiral zirconocene derivatives.
Although the enantioselectivity in some cases are spectacularly high, a few critical limitations should be noted. As might be expected from mechanistic details of Dzhemilev carbomagnesiation discussed above, introduction of the singularly important Me group is not readily feasible. While introduction of Et is satisfactory, that of nPr and longer alkyl groups is accompanied by regioisomerization leading to the formation of unattractive product mixtures.
26-28 Clearly, new alternate reactions not requiring zirconacycles were needed, especially for the most highly desirable case of enantioselective methylmetalation. In the meantime, our own efforts toward this goal were miserably failing. We then noted that all of our very tentative feasibility investigations leading to negative results were conducted with the parent ZrCp 2 Cl 2 . We finally decided to commit ourselves to the following two studies: (1) detailed fact-finding investigation of the reaction of 1-decene with 10 mol% of ZrCp 2 Cl 2 in CH 2 Cl 2 and (2) search for satisfactory procedures based on (1). These studies immediately led to some most useful results shown in Scheme 5. With (Me 5 C 5 ) 2 ZrCl 2 , no reaction was observed under the same conditions. 19 Clearly, zirconocene derivatives of sufficiently, but not excessively, bulky ligands to suppress unwanted side reactions, most notably β-H transfer hydrometalation, while promoting the desired carbometalation, were needed for realizing our goal.
Scheme 5. Reaction of 1-decene with Et 3 Al in the presence of various zirconocene derivatives.
Yet another ambush we briefly encountered was the initially unexpected Al-Zr bimetallic cyclic carbometalation of alkenes. Before 1995, we believed that dialkylation of zirconocene derivatives would be mandatory for observing the formation of zirconacyclopropanes via β-agostic interaction-induced cyclization. We were, however, surprised to find out that the reaction of 1-decene with Et 3 Al in the presence of (NMI) 2 ZrCl 2 29a 3 in hexanes would proceed by cyclic carbometalation 19b (Scheme 6), even though there were ample indications that trialkylalanes do not lead to dialkylation of zirconocene derivatives. It was indeed this surprising finding that led to the clarification and establishment of the bimetallic cyclic mechanism for carbozirconation of alkynes mentioned earlier (Scheme 3). 23 Fortunately, we soon learned that the use of more polar solvents including CH 2 Cl 2 , CH 3 CHCl 2 , and (CH 2 Cl) 2 almost totally suppressed the undesired cyclic carbometalation process thereby promoting formation of the desired products (Scheme 6).
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Scheme 6. Marked solvent effect in the reaction of 1-decene with Et 3 Al in the presence of (NMI) 2 ZrCl 2 (3).
Throughout our investigations, we were very much concerned about the third potential side reaction, i.e., Zr-catalyzed alkene polymerization of Ziegler and Natta. 30 However, this has hardly been of any serious concern. In retrospect, this is not surprising, if one considers (i) essentially 1:1 alkene-to-alane ratios and (ii) absence of highly efficient polymerization promotors, such as methylaluminoxane (MAO), typically required in large quantities relative to trialkylalanes. In our ZACA reaction, the use of MAO and other promoters is not mandatory and typically not necessary, although addition of one equivalent or less of water or the corresponding amount of performed MAO can significantly promote otherwise slow ZACA reaction, 31 such as that of styrenes. Having learned about three major pitfalls, namely (1) cyclic carbometalation, (2) H-transfer hydrometalation, and (3) Ziegler-Natta-type alkene polymerization as well as how to avoid them, our remaining major task was to find some satisfactory chiral zirconocene catalysts. In this respect, we have not yet made a systematic catalyst optimization involving catalyst designing. Instead, we have merely screened a dozen to fifteen known chiral zirconocene complexes. In our cases, widely used (ebi)ZrCl 2 29b and its partially hydrogenated derivatives 29c were less effective.
The most effective among those tested thus far is Erker's (NMI) 2 ZrCl 2 . 29a With either (R)-or (S)-isomer of commercially available (NMI) 2 ZrCl 2 , 29d the approximate ranges of enantiomeric excesses observed in three mutually complementary ZACA reactions shown in Scheme 7 are 70-95% ee and the product yields are generally satisfactory, although there clearly exists room for improvement (Scheme 7). 
Scheme 7. Three protocols for enantioselective synthesis of methyl-substituted 1-alkanols.
Current Summary of Development and Application of ZACA Reaction and Conclusion
Although no detailed discussion of applications of the ZACA reaction is intended here, the following favorable features of this novel asymmetric C-C bond formation reaction may be noted and exploited. In the interest of providing a full list of the publications on ZACA reaction by the author's group, all original papers and pertinent reviews and so on are listed as references. 18d,19,21,32-56 (1) ZACA reaction is a novel and rare catalytic asymmetric C-C bond formation reaction of terminal alkenes of one-point-binding without requiring any other functional groups, even though various functional groups may be present.
(2) There are a few or possibly more alternate and mutually complementary procedures to choose from, allowing highly flexible designs for the syntheses of chiral organic compounds 33, 35 (Scheme 7).
(3) In cases where the ZACA products are obtained as 2-chirally branched 1-alcohols via simple oxidation, typically with O 2 , of alanes, lipase-catalyzed acetylation-ordinary column chromatography provides a widely applicable and convenient method of purification by taking advantage of the sufficiently high ZACA-generated 70-95% enantiomeric excess levels of the crude products. 41 (4) In more demanding cases, proximally (γ-or δ-) heterofunctional and hence readily purifiable 2-chiral 1-alcohols may be prepared first, purified, and further converted. 57 (5) In the syntheses of compounds with two or more chiral centers, the principle of statistical enantiomeric amplification is operative. For the syntheses of deoxypolypropionates, for example, homologation by one 1,2-propylidene unit can be performed in one pot via ZACA-Pd-catalyzed vinylation tandem process.
38 At a realistic average enantioselectivity level of 80% ee, di-, tri-and tetrameric deoxypolypropionates are reliably predicted to be ca. 98, 99.9, and 99.99% ee, respectively. 34, 35 The only remaining task for preparing ultra-pure deoxypolypropionates is ordinary and very facile chromatographic purification of newly formed 2,4-dimethyl-1-hydroxybutyl moiety one at a time. [34] [35] [36] 38, 39 We believe that the ZACA reaction is a widely applicable, high-yielding, efficient and selective method for asymmetric C-C bond formation that is potentially economical. As of today, however, it has not yet been widely embraced by the organic synthetic community, although its application to natural products synthesis by other workers is known. 31 In the meantime, our own efforts to apply it to catalytic asymmetric syntheses of chiral natural products have been very enjoyable and most rewarding. In this review, only the names and structures of natural products and related compounds including about a dozen that have been totally synthesized through the use of ZACA reaction are presented in Table 1 . It is indeed gratifying to note that the ZACA-Pd-or Cu-catalyzed cross-coupling synergy does provide, in most cases, substantial improvements in efficiency and selectivity leading to significant increases in overall yields of pure desired compounds over the previous syntheses of the same or related compounds. Coupled with various flexible options for purifying optically active products to ultra-high (>>99%) purity levels, its wide-spread application in the near future may be anticipated.
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